Although the properties of milk oligosaccharides have been of scientific interest for many years, their structural diversity presents a challenging analytical task. In the quest for a simple and robust technology to characterize the different oligosaccharides present in milk, we developed an analytical scheme based on their fluorescent labeling, pre-fractionation by weak anionic exchange chromatography and separation by hydrophilic interaction liquid chromatography (HILIC)-high performance liquid chromatography (HPLC). HILIC relies on the hydrophilic potential of the molecule, which accounts for differences in properties such as molecular volume, lipophilic surface area, charge, composition, structure, linkage and oligosaccharide branching. The robustness of the methodology has been demonstrated using bovine colostrum oligosaccharides as a case study. Structural assignments for 37 free glycans, including 20 sialylated species, were obtained by a combination of HILIC-HPLC, exoglycosidase digestion and offline negative-ion mode mass spectrometry (MS)/ MS. Parameters obtained for each glycan, including linkages, enzymatic digestion products and glucose unit values, will be added to GlycoBase, a public access database (http://glycobase.nibrt.ie/glycobase.html). This approach provides a basis for the analysis of free milk oligosaccharides in a fast and sensitive manner and could be adapted for an automated technology platform amenable to diverse environments. Indeed, our approach, in conjunction with bacterial-binding assays, can provide a better understanding of the structural elements required for biological activity of free milk oligosaccharides and could serve as a scientific basis for the selection of such bioactives from various food sources.
Introduction
Oligosaccharides are the third most abundant macronutrient component in human milk . It is widely accepted that they play several important protective, physiological and biological roles including selective growth stimulation for beneficial gut microbiota, inhibition of pathogen adhesion and immunoregulation (Kleine et al. 2000; Martin-Sosa et al. 2002; Hakkarainen et al. 2005; Coppa et al. 2006; Lane et al. 2010) . A better understanding of the mechanisms involved in these processes requires a detailed characterization of the relationship between glycan structure and biological function. However, this task has proven challenging; the natural complexity of glycans and their unique chemical properties, characteristics that make them ideal for generating compact units with specific information, also generate structural diversity. Considering these factors, detailed glycan characterization requires the use of orthogonal and complementary methods.
As the monosaccharides and specific biosynthetic network present in a given biological context determine the type of glycans present (often resulting in nested structures), it is most unlikely that there are other natural sources of oligosaccharides with identical composition to human milk. However, domestic animal milk, a widely available resource, could offer oligosaccharides with structures or functions similar to those of human milk.
Many different analytical techniques have been used to elucidate the free glycan profile present in milk samples. For instance, nuclear magnetic resonance (NMR) has played an important role in the structural characterization of free glycans in milk (Urashima et al. 1991; Martin-Pastor and Bush 2000; Hu et al. 2004; Kogelberg et al. 2004 ). However, the large amounts of sample required and the complexity of the data analysis resulted in a limited application of this technique. Liquid chromatography was extensively applied to milk oligosaccharides: underivatized neutral or acidic oligosaccharides have been resolved by high-pH anion-exchange chromatography and detected by pulsed amperometry (HPAEC-PAD; Thurl et al. 1996) ; acidic oligosaccharides have been separated by ion-exchange high performance liquid chromatography (HPLC) and detected by absorption at 200 nm (Cardon et al. 1986 ). These analytical techniques have proven to be efficient and simple; however, since most sugars have no significant ultraviolet (UV) absorbing and/or fluorophore groups, derivatization prior to separation usually results in higher sensitivity.
Analysis of derivatized milk glycans by normal-phase HPLC (Charlwood et al. 1999) , reversed-phase HPLC (Charlwood et al. 1999; Warren et al. 2001; Asakuma et al. 2007 ) and also by capillary electrophoresis (CE) (Nakajima et al. 2006; Bao and Newburg 2008) has been efficient. In recent years, mass spectrometry (MS) analysis has become extremely beneficial in the field of glycan identification and has been successfully applied to milk oligosaccharides isolated from different sources, resulting in compositional analysis, sequence data (from MS/MS), linkage data (from permethylation studies) and sugar type and linkage when combined with exoglycosidase digestions (Pfenninger et al. 2002; Kogelberg et al. 2004; Mechref et al. 2006) . Indeed, combination of liquid chromatography and time of flight (TOF) MS by the HPLC-Chip technology has been extensively and successfully used for oligosaccharide profiling in human milk (Ninonuevo et al. 2006) , bovine milk (Tao et al. 2008; Barile et al. 2010 ) and porcine milk (Tao et al. 2010) .
In this work, we propose an alternative method for milk oligosaccharide profiling based on 2-aminobenzamide (2-AB) labeling and hydrophilic interaction liquid chromatography (HILIC)-HPLC. HILIC profiling of fluorophore-labeled carbohydrates stands out as a robust and simple methodology for the characterization of N- (Domann et al. 2007 ) and O-glycans (Royle et al. 2002) released from glycoproteins, but was never applied to free milk oligosaccharides. Retention in HILIC is based on the hydrophilic potential of the molecule which accounts for properties such as composition, charge, size structure, type of linkage and branching. Although a wide range of fluorescent tags are commercially available (Lamari et al. 2003; Harvey 2011) , 2-AB labeling has several advantages: 2-AB-labeled glycans are well suited to a variety of glycoanalytical methods, the 1:1 stoichiometric labeling allows for accurate and quantitative measurement of the relative amounts of individual glycans, and a total glycan pool (including charged and neutral glycans) can be analyzed at once. Moreover, day-to-day and/or system-to-system variations are minimized by using a 2-AB-labeled dextran ladder (2-AB-glucose homopolymer) as an external standard, making the data comparable and robust. Glycan structure can then be analyzed after enzymatic digestion of pools of glycans by diverse exoglycosidases used in arrays or singly (Royle et al. 2006) .
Here, we have demonstrated its applicability to free milk oligosaccharides using bovine colostrum as a case study. The proposed methodology is sensitive, reproducible and able to yield quantitative results. Furthermore, analysis of both charged and neutral glycans in free milk oligosaccharides can be done with technologies amenable to any laboratory, simultaneously and with minimum amounts of sample.
Results

Analysis of total oligosaccharides present in bovine colostrum
Bovine colostrum was chosen as a model sample to show the potential of the proposed methodology for a variety of reasons: it has a higher content (when compared with mature bovine milk) of free saccharides other than lactose (Davis et al. 1983) ; its composition has been analyzed previously, providing a structural background to test the new chromatographic methodology (Gopal and Gill 2000; Urashima et al. 2001; Nakajima et al. 2006; Tao et al. 2008) , and lastly because of its biological importance and potential application as a source of anti-adhesive oligosaccharides (Martín et al. 2002; Martin-Sosa et al. 2002) . In previous studies, MS methods have been used to identify almost 40 oligosaccharides in bovine milk; tri-and tetrasaccharides were predominant, and also a large proportion of sialylated structures were observed with both N-acetyl and N-glycolylneuraminic acids present (Gopal and Gill 2000; Tao et al. 2008 Tao et al. , 2009 ). Bovine milk oligosaccharides have structures deriving not only from the lactose [Gal(β1-4)Glc] core, as observed for human milk oligosaccharides, but also from N-acetyl-lactosamine [Gal (β1-4)GlcNAc]. Indeed, specific neutral structures found in bovine milk such as trisaccharides containing or Gal] units at the non-reducing end (Urashima et al. 1991) are absent in human milk. Another example is the disaccharide GalNAc(β1-4)Glc, unique to bovine samples (Saito et al. 1984) . Acidic oligosaccharides, highly abundant in bovine colostrum, contain sialyl N-acetyllactosamine as well as sialyllactose (Gopal and Gill 2000; Tao et al. 2008) . The N-acetylated form (Neu5Ac) of neuraminic acid is predominant, but a small proportion of the N-glycolyl form (Neu5Gc) can also be found (Tao et al. 2008; Barile et al. 2010) .
Direct analysis by HILIC of the total bovine colostrum oligosaccharide fraction labeled with 2-AB ( Figure 1A) showed that the major components of this fraction were lactose, 3′-sialyllactose, 6′-sialyl-N-acetyllactosamine and a disialylated derivative of lactose. However, the large proportion of lactose present in the sample limited the chromatogram quality (data not shown). Taking this into consideration, the bovine colostrum sample was further purified, leading to a reduction of 90% in lactose concentration. Although this procedure impedes quantification of oligosaccharide with respect to lactose in the original sample, a consequent improvement of the chromatogram resolution was obtained, essential for qualitative structural analysis. The structures of the main components were then confirmed by HILIC combined with exoglycosidase digestion and MS.
Weak anionic exchange pre-fractionation and structural analysis of bovine colostrum oligosaccharides In order to improve detection and characterization of the less abundant components, pre-fractionation of the 2-AB-labeled sample into neutral and acidic oligosaccharide fractions was performed by weak anionic exchange (WAX) chromatography ( Figure 1B ). Four different fractions were collected and characterized by HILIC (Figure 2 ). Although three further peaks were detected (retention time 22, 24 and 27 min), the sum of their areas was lower than 2% and were not further characterized due to inefficient exoglycosidase digestion. Unfortunately, fluorescent derivatization of the sample, required for sensitive detection, impedes HILIC characterization of the different 1-O-phosphorylated structures previously described in bovine colostrum oligosaccharides, such as the NeuNAc(α2-6)Gal(β1-4)GlcNAc-1-O-phosphate or Gal(β1-4) GlcNAc-1-O-phosphate (Cumar et al. 1965; Gopal and Gill 2000) . Analysis of bovine colostrum oligosaccharides by WAX chromatography after sialidase digestion showed no remnant acidic structures, confirming that all observed charged species are sialylated glycans. Other phosphorylated glycans, such as Gal(β1-4)Glc-3′-phosphate or NeuNAc(α2-6) Gal(β1-4)GlcNAc-6-phosphate (Parkkinen and Finne 1985; Gopal and Gill 2000) , should be theoretically labeled and detected. These types of structures could be present in the minor peaks at 22, 24 or 27 min, and the phosphate group could be causing the inefficient exoglycosidase activity. Clearly, the addition of a WAX step enriched the neutral fraction, as well as acidic fraction F1, in minor components which were not detected in the total pool of oligosaccharides ( Figure 2 ). Based on the previously described bovine colostrum oligosaccharides composition, preliminary structural assignment was performed and later confirmed or discarded by exoglycosidase digestion arrays.
Neutral oligosaccharides present in bovine colostrum A total of 16 structures were found in the neutral fraction, ranging from disaccharides up to hexasaccharides (Table I) . After the enrichment treatment, lactose [4, glucose unit (GU) 2.00], the main disaccharide, can be differentiated from N-acetylgalactosaminyl glucose (2, GalNAc(β1-4)Glc) and N-acetyllactosamine (3, Gal(β1-4)GlcNAc), which coelute at GU 1.85. Identification of lactose was not difficult due to its high abundance; however, it is worth noting that Streptococcus pneumoniae galactosidase (SPG), a specific galactosidase for (β1-4) linkages, did not cleave the galactose residue, demonstrating a strict requirement for a Gal(β1-4)GlcNAc linkage. Identification of lactose was performed using bovine testis galactosidase (BTG) and a specific lactosidase (Lactozym, Fig. 1 . (A) HILIC profile of free oligosaccharides from bovine colostrum fractionated as described in Materials and methods. The scale of GUs is based on the elution of the 2-AB-labeled glucose ladder. Free oligosaccharides present in this sample were structurally characterized by exoglycosidase digestion patterns and MS (see Materials and methods); only the major species are indicated in this figure. Oligosaccharides are represented using the Oxford system for monosaccharides and linkages (Harvey et al. 2009 ). (B) WAX chromatography of free oligosaccharides from bovine colostrum. Separation by charge results in four different fractions of oligosaccharides, from neutral (F0) to double-charged species (F3). Acidic fractions F1 and F2 are singly charged but differ in size of glycans. Peak at 5.5 min corresponds to excess 2-AB. Arrows indicate possible minor phosphorylated structures.
HILIC separation of 2-AB-labeled milk oligosaccharides
Novo Nordisk, Denmark). In addition to these three known structures, a fourth disaccharide can also be found at GU 1.77 (1). This structure was partially digested with jack bean hexosaminidase (JBH), and although not described by MS in this study or previous publications, we propose a GalNAc(β1-4) GlcNAc structure (N,N′-diacetyllactosediamine, LacdiNAc). This structure has also been found as part of the N-glycans of certain bovine milk glycoproteins (Do et al. 1995) .
Trisaccharides present the most diverse structures, including two hexosaminyl-lactose derivatives (6 and 7, GU 2.66 and 2.78, respectively) and four galactosyl-lactose derivatives (8-11, GU 2.78-2.99). By using the resolving power of HILIC, it is possible to separate the majority of them; however, the exoglycosidase array digestion is the key tool for linkage information ( Table I ). The two different hexosaminyl-lactose derivatives were identified by specific enzymatic digestion as GalNAc(α1-3)Gal(β1-4)Glc (α3-N-acetylgalactosaminylactose, 6, GU 2.66), and a β-GlcNAc-lactose (GlcNAc(β1-3)Gal (β1-4)Glc; 7, GU 2.78), both previously described as bovine colostrum components (Urashima et al. 1991) . Isoglobotriose (9, Gal(α1-3)Gal(β1-4)Glc) was identified as the oligosaccharide eluting at GU 2.88 by coffee bean α-galactosidase (CBG) digestion. Gal(β1-6)Gal(β1-4)Glc (8, GU 2.78) and Gal(β1-3) Gal(β1-4)Glc (10, GU 2.95) isomers were differentiated from isoglobotriose not only by the GU value but also by specific digestion with BTG and Xanthomonas manihotis galactosidase (XMG). Gal(β1-4)Gal(β1-4)Glc (11, GU 2.99) was identified by parallel digestion with two glycosidases (BTG and SPG) of different specificity, confirming linkage information. SPG showed again a partial digestion due to its specific requirements.
Two different fucosylated glycans could be found in this study: 2′-fucosyllactose (Fuc(α1-2)Gal(β1-4)Glc; 5, GU 2.59) and GalNAc(α1-3)[Fuc(α1-2)]Gal(β1-4) Glc (12, GU 3.12) . Although these structures were not detected by MS in this work or previous publications (Finke et al. 2000; Tao et al. 2008; Barile et al. 2010) , the tetrasaccharide has been detected by capillary electrophoresis in bovine colostrum (Nakajima et al. 2006 ) and in goat colostrum (Saito et al. 1987; Urashima et al. 1994 ); a 3-fucosyllactosamine was also described in bovine colostrum (Saito et al. 1987) .
Gal(β1-4)GlcNAc(β1-3)Gal(β1-4)Glc, lacto-N-neotetraose (LNnT; 13, GU 3.56), was the only lactotetraose isomer found in bovine colostrum, confirming the results reported by Tao et al. (2008) . Given that the HILIC separation of LNnT and lacto-N-tetraose (LNT, Gal(β1-3)GlcNAc(β1-3)Gal(β1-4) Glc) is almost indistinguishable as observed with standards (data not shown), a clear differentiation of these two isomers is possible by the exoglycosidase digestion profile: BTG digests both isomers, whereas SPG digests only LNnT. By digestion with galactosidases from both LNnT and LNT, a GlcNAc(β1-3)Gal(β1-4)Glc structure with a GU value of 2.78 is obtained ( peak 7). Gal(β1-4)GlcNAc(β1-6)[GlcNAc(β1-3)] Gal(β1-4)Glc (14, GU 4.82), a probable biosynthetic precursor of lacto-N-neohexaose (LNnH), and lacto-N-novopentaose I Gal(β1-4)GlcNAc(β1-6)[Gal(β(1→3)]Gal(β1-4) Glc (15, GU 4.92) were also detected in this fraction (Urashima et al. 1991; Tao et al. 2008; Barile et al. 2010 ) and characterized by exoglycosidase arrays (Table I ). The digestion of the GlcNAc residues in the latter compound was only possible by JBH, as S. pneumoniae β-N-acetylglucosaminidase (GUH) was not active probably due to steric hindrance. Only LNnH (16, GU 5.61) was detected in bovine colostrum, in accordance to previous publications (Tao et al. 2008) . Its specific exoglycosidase digestion pattern was a key tool to differentiate it from the lacto-N-hexaose (LNH) isomer (characterized from standards), as the HILIC separation observed with standards was not ideal ( Figure 3 ). As a result of the digestion of lacto-N-novopentaose I, LNnH and LNH with corresponding galactosidases, several intermediate structures were characterized: GlcNAc(β1-6)[GlcNAc(β1-3)]Gal (β1-4)Glc (GU 3.70), GlcNAc(β1-6)[Gal(β1-3)GlcNAc(β1-3)] Gal(β1-4)Glc (GU 4.55) and Gal(β1-4)GlcNAc(β1-6)[GlcNAc (β1-3)]Gal(β1-4)Glc (GU 4.62), all of them present in Figure 3 .
Acidic oligosaccharides in bovine colostrum
The 2-AB-labeled oligosaccharides from bovine colostrum were separated into three different acidic fractions by WAX chromatography ( Figure 1B ). This chromatographic technique is a useful tool as its separation ability is based on the combination of the charge and size of molecules. Acidic fraction F1 presents the higher molecular weight sialylated glycans: eight monosialylated structures could be identified, with structures ranging from penta-to heptasaccharides (Table II) . Common to acidic fractions F1 and F2, the (α2-3) sialyl derivative of LNnT (17, GU 4.35) and its (α2-6) isomer (18, GU 4.80) were characterized. NeuNAc(α2-3)Gal(β1-4)GlcNAc(β1-6) [GlcNAc(β1-3)]Gal(β1-4) Glc (19, GU 5.55 ) and NeuNAc (α2-6)Gal(β1-4)GlcNAc(β1-6)[GlcNAc(β1-3)]Gal(β1-4)Glc (21, GU 6.03), sialylated derivatives of 14, were found in this fraction; the corresponding exoglycosidase digestion pattern for 21 is shown in Figure 4A . The (α2-3) and (α2-6) sialylated forms of lacto-N-novopentaose I (20, GU 5.77 and 22, GU 6.28) were also characterized. Finally, the presence of two sialylated derivatives of 16 (LNnH), which correspond to 23, the (α2-3) isomer (GU 6.33), and 24, the (α2-6) isomer (GU Barile et al. (2010) Structures are represented using the Oxford system for monosaccharides and linkages (Harvey et al. 2009) . GU values correspond to the average of triplicates, with a standard deviation of 0.06 GUs. Exoglycosidase digestion products and their GUs are indicated for each enzyme. a These species were also detected in a parallel negative mode MS experiment as non-labeled glycans. Corresponding values for m/z (calculated and observed) were not added to the table for clarity purposes.
HILIC separation of 2-AB-labeled milk oligosaccharides Tao et al. (2008) and Barile et al. (2010) 6.72, Figure 4B ), was confirmed by exoglycosidase digestion. Using this methodology, linkage information was obtained for sialic acid residues, complementing the previous reports (Tao et al. 2008; Barile et al. 2010) . Acidic fraction F2 is composed of monosialylated tri-and tetrasaccharides. The only exceptions are the sialyl-LNnT derivatives mentioned previously (17 and 18). The major species detected in this fraction were 3′-sialyllactose (26, GU 3.00), 6′-sialyllactosamine (28, GU 3.24) and 6′-sialyllactose (30, GU 3.46) (Asakuma et al. 2007; Bao et al. 2007; Barile et al. 2010) . However, among the minor components, several interesting molecules were found.
A peak (25, GU 2.64) digested with Arthrobacter ureafaciens sialidase (EC 3.2.1.18; ABS) (sialidase) to GU 1.77 was identified as the (α2-6) sialyl derivative of LacdiNAc, and it was also detected by MS (Table II) . This structure has not been described previously among bovine colostrum oligosaccharides, but interestingly enough, it is present in N-glycans released from certain bovine milk glycoproteins (Do et al. 1995) . The sialic acid linkage is proposed based on the known biosynthetic machinery present in bovine mammary gland, capable of its synthesis (Mercier et al. 1999) . Sialylated analogs of the hexosaminyl-and galactosyl-lactose isomers have been described in various publications (Pan and Melton 2005; Tao et al. 2008; Barile et al. 2010) , and the HILIC-HPLC analysis and exoglycosidase array described in this study provided confirmation and complementary linkage information. The structures were fully characterized as NeuNAc(α2-6)[GlcNAc(β1-3)]Gal(β1-4) Glc (32, GU 3.67) and two isomeric tetrasaccharides, NeuNAc(α2-3)Gal(β1-4) Gal(β1-4) Glc (33, GU 3.80) and NeuNAc(α2-6)[Gal(β1-3)] Gal(β1-4) Glc (34, GU 4.19) . Lastly, acidic fraction F3 was found to contain mainly disialyllactose (35, GU 4.35) and disialyllactosamine (37, GU 4.45); the latter structure confirming the proposal made by Tao et al. (2008) . Although some other minor peaks were also observed in this fraction, a full characterization by several exoglycosidase digestion experiments was unsuccessful, indicating that in this doubly charged fraction probably elute some of the phosphorylated sialyloligosaccharides previously described in bovine colostrum (Gopal and Gill 2000) . An added enrichment step and further analysis are required to fully identify these peaks.
Sialic acid speciation of bovine colostrum oligosaccharides One of the main limitations of the HILIC-HPLC technique in the characterization of milk oligosaccharides is its inability to differentiate between the various species of sialic acid. In contrast to human milk, where only Neu5Ac is found, bovine colostrum also contains a small proportion of Neu5Gc. This carbohydrate is present in diverse mammals but not in humans (Varki and Marth 1995) , and glycans containing Neu5Gc have been described as antigenic (Varki 2009 ).
Analysis of sialic acid species can be performed by MS, where the specific structures containing Neu5Gc are identified by mass differences. However, for detection and quantitation of total Neu5Gc present in the sample (as would be necessary for a milk formulation), derivatization with DMB (1,2-diamino-4,5-methylenedioxybenzene) is a useful tool. It involves the selective release of sialic acids using mild acid hydrolysis and 
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analysis of the quinoxaline product obtained by derivatization using reversed-phase HPLC with C18 columns. DMB labeling has been applied to intact glycoprotein analysis (Hara et al. 1987) , and it has also been proposed as a sensitive assay for the determination of sialic acid content in infant formulas and milk products (Martín et al. 2007; Spichtig et al. 2010) . In this work, we applied this methodology to free bovine colostrum oligosaccharides ( Figure 5 ), where Neu5Ac is present as the main sialic acid form and Neu5Gc represents less than 5%, in agreement with previous studies (Tao et al. 2008 ). Additionally, a small proportion of O-acetylated forms of sialic acid can also be detected (<1%), which agrees with previous studies on bovine colostrum samples and echidna milk (Kuhn and Brossmer 1956; Messer 1974) . Analysis of the sample by electrospray ionization-MS/MS (ESI-MS/MS) provides more specific information, demonstrating that Neu5Gc is present in specific structures, such as sialyllactose (27 and 31) and sialyllactosamine (29) (Veh et al. 1981) . The disialylated form of lactose was also found to contain one residue of Neu5Gc, as described by Tao et al. (2008) .
Discussion
HILIC has been used for separation and characterization of 2-AB-labeled N-and O-glycans released from glycoproteins for several years (Royle et al. 2006) , enabling their detection at the femtomole level. Retention, based on the hydrophilic potential of the molecule, takes into account essential glycan properties such as molecular volume, charge, composition, structure, linkage and oligosaccharide branching. The retention time is transformed by a polynomial fit into GUs, correlating with the size of the glycan. As the HILIC profiles obtained after exoglycosidase digestion show consistent and reproducible shifts in the GU values, detailed structural assignments can be made. Bovine colostrum was chosen as a model to show the potential of the proposed methodology as its oligosaccharides have been well characterized by diverse methodologies such as NMR or MS. Our findings correlate very well with previous publications, where almost 40 oligosaccharides were identified in bovine milk (Tao et al. 2008) .
In this work, application of this methodology to the analysis of bovine colostrum milk oligosaccharides has proven efficient and robust. The bottleneck of this procedure if any is probably the analysis of the data and structural confirmation by exoglycosidase arrays. Availability of databases will be a major advantage to aid in the latter. As a result, data obtained during this study will be deposited in GlycoBase (http ://glycobase.nibrt.ie/glycobase.html), a database with HILIC and MS data for more than 350 2-AB-labeled N-linked glycans and 75 O-glycan structures. Detailed glycan analysis by exoglycosidase digestion can be considered a versatile tool on its own (Figure 6 ), which can be applied in combination with HPLC, CE or MS methods. The only limitation this technique presents today for milk oligosaccharides is the scope of glycosidases currently available. For example, more specific hexosaminidases or a wider range of galactosidases would be extremely useful.
In this paper, we identified 33 different structures present in the bovine colostrum using HILIC-HPLC and exoglycosidase digestions. In combination with offline MS/MS, identification of the four sialylated structures containing Neu5Gc is achieved. The presence of LacdiNAc and its (α2-6) sialyl derivative has not been described previously, which could be due to its low abundance or to natural variations in the composition of milk. Indeed, the peak corresponding to this structure could not be observed prior to enrichment. The LacdiNAc structure, however, was found as the terminal unit of branched complex-type and hybrid-type N-glycans released from bovine milk glycoproteins (Do et al. 1995) . Its capping by (α2-6) sialylation has also been demonstrated (Nemansky and Van den Eijnden 1992) , indicating that the enzymatic machinery for the biosynthesis of these oligosaccharides is present in the bovine mammary gland. The β4-N-acetylgalactosaminyltransferase, responsible for the synthesis of GalNAc(β1-4)Glc, could be responsible for the addition of GalNAc to GlcNAc, and its sialylation driven by a CMP-NeuAc: Gal(β1-4)GlcNAc-R (α2-6) sialyltransferase HILIC separation of 2-AB-labeled milk oligosaccharides that was described in bovine colostrum by Nemansky and Van den Eijnden (1992) . In this study, the authors also demonstrated the activity of this sialyltransferase by using the LacdiNAc disaccharide as an acceptor with high efficiency. It was also shown that α-lactalbumin can modulate the (β1-4) galactosyltransferase to utilize UDP-N-acetylgalactosamine (UDP-GalNAc) as a donor toward the GlcNAc acceptor substrate in vitro with high efficiency, most likely determining the levels of GalNAc (β1-4)Glc and LacdiNAc in bovine colostrum (Do et al. 1995) .
DMB labeling complements the HILIC-HPLC structural characterization with a sialic acid speciation analysis. As sialic acids are essential for development, and their provision cannot be satisfied by anabolic metabolism alone, sensitive and robust methodologies capable of their detection and quantification and amenable to industrial environments are essential. In this study, DMB labeling not only confirmed the large proportion of Neu5Ac present in bovine colostrum but also highlighted the presence of acetylated sialyl species as outlined by Kuhn and Brossmer (1956) . A recent publication (Spichtig et al. 2010 ) has validated DMB labeling as an easy and robust methodology for sialic acid analysis in milk products and has shown its potential for adaptation to industrial environments.
Detection of fucosylated oligosaccharides in bovine milk has been a point of debate for a number of years. In this work, the detection of (α1-2)fucosyllactose (5) and GalNAc (α1-3)[Fuc(α1-2)]Gal(β1-4) Glc (12, GU 3.12) . confirmed the results obtained by Nakajima et al. (2006) . Saito et al. (1987) also reported the presence of 3′-fucosyllactosamine in bovine colostrum, but several other groups could not detect any fucosylated oligosaccharides in bovine milk (Tao et al. 2008; Barile et al. 2010 ). These differences are also present in the case of human milk oligosaccharides, due to the specific action of several α-fucosyltransferases whose presence on epithelial cells depends on the Lewis blood group and secretor state of the mother (Thurl et al. 2010) . As there are 11 major blood group systems in cattle (Stormont 1967 ) and the linkage between bovine blood group and the structure of milk oligosaccharides has not been thoroughly studied, further analysis is required to clarify this issue.
The HPLC analytical workflow proposed in this article is potentially automatable, and considering the latest advances in chromatography, this methodology could be adapted to ultra performance liquid chromatography (UPLC TM ). UPLC has shown improved resolution of N-glycans released from glycoproteins (Ahn et al. 2010) , with reduced run times and solvent consumption. UPLC could provide a further improvement in the detection and separation of larger isomeric oligosaccharides.
The use of free oligosaccharides (as well as conjugated derivatives) in anti-adhesion therapy may provide an effective Fig. 6 . Specificity of diverse exoglycosidases used for milk glycan structural characterization. Abbreviations: ABS, Arthrobacter ureafaciens sialidase (EC 3.2.1.18); NAN1, S. pneumoniae sialidase (EC 3.2.1.18); BTG, bovine testes β-galactosidase (EC 3.2.1.23); SPG, S. pneumoniae β-galactosidase (EC 3.2.1.23); AMF, almond meal α-fucosidase (EC 3.2.1.51); BKF, bovine kidney α-fucosidase (EC 3.2.1.51); GUH, β-N-acetylglucosaminidase cloned from S. pneumoniae, expressed in Escherichia coli (EC3.2.1.30); CLG, chicken liver α-N-acetylhexosaminidase; CBG, coffee bean α-galactosidase; XMG, Xantomonas manihotis (β1-3,6) galactosidase; JBH, jack bean β-hexosaminidase (EC 3.2.1.30).
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therapeutic approach to prevent diseases, and once structural elements crucial for their effect are recognized, robust free glycan characterization methodologies will be necessary. The methodology proposed in this work is certainly of immediate application for analysis of domestic animal milk samples. On the other hand, the applicability of the HILIC-HPLC technique to more complex samples (such as human milk) could prove challenging, especially considering the high amount of isomers and higher molecular weight fucosylated oligosaccharides. For human samples, a combination of HILIC-HPLC and MS could be the best option.
As a consequence of the natural diversity in glycan structures, their detailed structural characterization requires the use of orthogonal and complementary methods. In this case, the lack of discrimination between sialic acid species in HILIC-HPLC can be solved by DMB labeling, providing a simple and useful tool in the control of total antigenic Neu5Gc present in the sample. And if specific characterization of Neu5Gc-containing structures is the goal, MS is essential in providing such structural information.
The 2-AB labeling of milk oligosaccharides is an efficient tool for sensitive detection: it takes 4 h to label and purify the glycans, and posterior analysis using HILIC-HPLC takes 1 day in total. The exoglycosidase sequencing takes, on average, an additional 2 days with digestions being carried out overnight, then cleaned, dried and reanalyzed. A large batch of samples could be analyzed in a 96-well format using this approach. With the addition of the structures described to GlycoBase (http://glycobase.nibrt.ie/glycobase.html), this analytical workflow for milk oligosaccharides has the potential to be adaptable to a 96-well plate format from sample processing through data interpretation.
As more and more studies reveal the biological significance of milk oligosaccharides and their potential role as nutraceuticals, the methodology outlined in this study represents a useful tool in the analysis of such oligosaccharides from domestic animal milk. For instance, goat milk oligosaccharides have been shown to have anti-inflammatory effects in rats with experimental colitis and may be useful in the management of inflammatory bowel disease (Daddaoua et al. 2006) . The expression of the Le b and sialyl Le x carbohydrates in pig milk was correlated with the ability of porcine milk to inhibit H. pylori adhesion in vitro and H. pylori colonization in vivo (Gustafsson et al. 2006 ). Detailed analysis is therefore beneficial for the identification of the specific oligosaccharides responsible for such activities, as the activity may be attributed to one oligosaccharide or even a fraction of oligosaccharides within the entire milk oligosaccharide pool. As such, it may be attractive (once the active structures are identified) to synthesize the structures of interest in isolation rather than to purify individual molecules from milk from an economic point of view.
If oligosaccharides are to be used as nutraceuticals, all molecules to be ingested must be identified and accessed for potential side effects. To do this, detailed analysis is necessary. For example, humans have an abundant and diverse spectrum of antibodies directed against a variety of Neu5Gc-containing epitopes . It has been suggested that the interaction of metabolically-accumulated Neu5Gc with these antibodies could contribute to the development of diet-related carcinomas by local chronic inflammation (Hedlund et al. 2008) . As humans can absorb and metabolically incorporate Neu5Gc via oral intake and its main source is red meat and milk products, control of Neu5Gc content in milk glycans could be important for public health care.
Free oligosaccharides and their conjugated derivatives have potential as anti-adhesives by preventing infection; but before challenges can be met in relation to their use as bioactives, an understanding of the processes involved in pathogenic adhesion to host cells must be established. There are still many questions remaining about the relationship between structure of oligosaccharides and their biological function; knowledge of which structural elements are crucial for their effect is an essential first step, serving as a scientific basis for the selection of oligosaccharides from animal milk or other sources as bioactives.
Materials and methods
2′-Fucosyllactose, LNnT, LNT, LNnH, LNH, 3′-sialyllactose and 6′-sialyl-N-acetyllactosamine were purchased from Carbosynth Ltd (Berkshire, UK). Acetonitrile (HPLC grade) was purchased from Sigma (Cork, Ireland). All exoglycosidases were purchased from Prozyme (Hayward, CA) unless stated otherwise.
Isolation and purification of bovine colostrum oligosaccharides Colostrum (day 1) was obtained from the Holstein-Fresian cattle, on-site at the Teagasc Food Research Centre, Moorepark (Fermoy, Cork, Ireland) . It was defatted and deproteinized through conventional methods. Briefly, colostrum was centrifuged (3850 × g, 20 min, 4°C, Sorvall RC6 plus ® ) to remove fat. The aqueous phase was adjusted with 1M HCl to reach a pH of 4.6 and then heated to 35°C for 30 min-1 h. The precipitated caseins were removed by centrifugation (3850 × g, 30 min, 25°C, Sorvall RC6 plus ® [Thermo Fisher Scientific, Waltham, Massachusetts] ), and the pH of supernatant was neutralized with 4 M NaOH. The supernatant was ultrafiltered through a 5 kDa MWCO membrane (Millipore ® Helicon S10 spiral cartridge, Millipore, Massachusetts) for the removal of large peptides. The obtained permeate containing oligosaccharides was recovered, freeze-dried and stored at −80°C.
To remove residual peptides and large levels of lactose, a 20% solution (40 mL) of the freeze-dried powder was applied to a Sephadex G-25 (Pharmacia, Uppsala, Sweden; 92 × 2.6 cm) and eluted with deionized water at a flow rate of 5 mL/ min. The fractions were monitored for peptides (Bradford 1976) , lactose and 3′-and 6′-sialyllactose through HPAEC-PAD. Peptide-free and low-trace lactose fractions were pooled. The total oligosaccharide content in the pool was estimated through HPAEC-PAD using the dominant bovine oligosaccharides, 3′-sialyllactose and 6′-sialyllactose.
The HPAEC-PAD analyses were performed on a Agilent 1100 Series system (Agilent Technologies, Santa Clara, CA) equipped with a Coulochem III electrochemical detector (Esa, Chelmsford, MA) using a 5040 gold analytical cell (Esa).
HILIC separation of 2-AB-labeled milk oligosaccharides
Carbohydrate separation was carried out by a CarboPac PA-100 (250 × 4 mm) connected to a CarboPac PA-100 guard column (Dionex Corporation, Sunnyvale, CA). The elution was obtained with the following gradient: 100 mM NaOH (eluent A) and 100 mM NaOH + 500 mM NaOAc (eluent B) (t = 0-3 min 95% eluent A; t = 3-13 min 88% eluent A; t = 13-30 min 50% eluent A; t = 30-45 min equilibrated at 95% eluent A).
Fluorescent labeling of oligosaccharides with 2-AB Glycans were fluorescently labeled with 2-AB by reductive amination according to the method of Bigge et al. (1995) using a Glycan-labeling kit (Ludger Ltd, Oxford, UK). Briefly, milk oligosaccharides were dried on the bottom of a polymerase chain reaction tube and 5 μL labeling solution was added per 50 nmol total glycans. The reaction mixture was incubated at 65°C for 2 h and clean up of the samples was done by traditional ascending paper chromatography in acetonitrile (Royle et al. 2006 ).
Separation of 2-AB-labeled oligosaccharides by HILIC-HPLC
This method has been adapted from Royle et al. (2008) , where it was applied to N-glycan analysis. HILIC-HPLC was performed using a TSK-Gel Amide-80 4.6 × 250 mm column (Anachem, Luton, Bedfordshire, UK) on a Agilent 1200 with a Jasco SP-2020 Plus fluorescence detector. Solvent A was 50 mM formic acid adjusted to pH 4.4 with ammonia solution. Solvent B was acetonitrile. A linear gradient of 20-50% solvent A, over 120 min at a flow rate of 0.4 mL/min was used. Samples were injected in 80% acetonitrile. Fluorescence was measured at 420 nm with excitation at 330 nm (band width 16 nm). The system was calibrated using an external standard of hydrolyzed and 2-AB-labeled glucose oligomers to create a dextran ladder, as described previously (Royle et al. 2006) .
The 2-AB-labeled dextran ladder sample was injected every 10 runs as a system suitability tool and to produce a GU scale using a fifth-order polynomial fit. Data were analyzed using Waters Empower Software. Sample peaks were then assigned a corresponding GU unit, and the structure confirmed by exoglycosidase digestion arrays.
2-AB-labeled bovine colostrum glycans were analyzed at a concentration 0.3 μg/mL of total oligosaccharides for repeatability and intermediate precision experiments. A series of 0.3 μg/mL samples of 2-AB-labeled bovine colostrums glycans were dried down and digested with exoglycosidase enzymes as described in this section under exoglycosidase digestions. Subsequent digestion products were analyzed using the same protocol. All samples were prepared in 80% acetonitrile and injected in 95 μL via a 100 μL loop.
Separation of neutral and acidic oligosaccharides by WAX chromatography WAX-HPLC was performed using a Vydac 301VHP575 7.5 × 50 mm column (Anachem) on a 2695 Alliance separations module with a 474 fluorescence detector set with excitation and emission wavelengths of 330 and 420 nm, respectively (Waters). Solvent A consists of 0.1 M ammonium acetate buffer pH 7.0 in 20% v/v acetonitrile, and solvent B was 20% acetonitrile. Gradient conditions were as follows: a linear gradient of 0-5% solvent A over 12 min at a flow rate of 1 mL/ min, followed by 5-21% solvent A over 13 min and then 21-50% solvent A over 25 min, 80-00% solvent A over 5 min, and then 5 min at 100% solvent A. Samples were injected in water and a fetuin N-glycan standard was used for calibration.
Exoglycosidase digestions
Arrays of exoglycosidases were used in combination with HILIC-and WAX-HPLC to determine the sequence, monosaccharide type and linkage of sugar residues. Exoglycosidase sequencing was performed on 2-AB-labeled milk oligosaccharides in 10 μL of solution containing enzymes at standard concentrations in the manufacturer's recommended buffers for 16 h at 37°C. Enzymes (with abbreviations in parentheses) were: ABS, 1-2 U/mL; S. pneumoniae sialidase recombinant in Escherichia coli (EC 3.2.1.18, NAN1), 1 U/mL; bovine kidney α -fucosidase (EC 3.2.1.51; BKF), 1 U/mL; almond meal α-fucosidase (EC 3.2.1.111; AMF), 3 mU/mL; BTG (EC 3.2.1.23), 2 U/mL; SPG (EC 3.2.1.23), 80 mU/mL; X. manihotis, recombinant in Escherichia coli β(1-3,6)-galactosidase (XMG, EC 3.2.1.23), 5 U/mL for β(1,3) links, 50 U/mL for β(1,6) links (New England Biolabs, Ipswich, Massachusetts); CBG, 0.5 U/mL; chicken liver α-N-acetylhexosaminidase (CLG), 0.7 U/mL; jack bean β-N-acetylhexosaminidase (EC 3.2.1.30, JBH), 10 mU/mL. After digestion, samples were separated from the exoglycosidases before HPLC analysis by centrifugation in a Nanosep 10 K Omega microcentrifuge filter (Pall, VWR).
Electrospray MS
Analysis was performed with a Waters-Micromass quadrupole-time-of-flight (Q-TOF) Ultima Global (Waters MSTechnologies, Manchester, UK) instrument in negative-ion mode. 2-AB-labeled bovine colostrum oligosaccharides were desalted by retentive solid-phase extraction using porous graphitized carbon as described previously with minor adaptations (Packer et al. 1998) . Samples were dried in a SpeedVac ® Concentrator (Savant Instruments, Holbrook, NY), re-suspended in 25% MeOH in HPLC grade water and directly infused with a Proxeon (Proxeon Biosystems, Odense, Denmark) borosilicate capillary. The ion source temperature was 120°C, the capillary voltage was set to 1.15 kV, the cone was 100 V and the RF-1 voltage was set at 130 V. For MS/MS data acquisitions, parent ions were selected with a 5 m/z mass window and were fragmented by CID using argon as the collision gas. The voltage setting in the collision cell was adjusted accordingly and ranged from 20-35 V to generate spectra with fragment ions across the mass scale. Instrument commands and data acquisition were performed using MassLynx v4.1 software.
Sialic acid speciation Samples were incubated in 2 M acetic acid (80°C, 2 h) for sialic acid release. Samples were then removed and transferred to a separate 0.5 mL polypropylene microcentrifuge vial for labeling with DMB dihydrochloride, as outlined by the manufacturer's instructions (LudgerTag DMB Sialic Acid Labeling Kit; Ludger Ltd). Briefly, 20 μL of labeling reagent was added to each sample and incubated for 3 h at 50°C in darkness. The reaction was finished by adding 500 μL of water and samples were then analyzed immediately by reversedphase HPLC, adapted from the manufacturer's instructions. 
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